AD 


Award  Number:  W81XWH-04-1-0823 


TITLE:  Androgen  Receptor-mediated  Escape  Mechanisms  from  Androgen  Ablation 
Therapy 


PRINCIPAL  INVESTIGATOR:  Gerhard  A.  Coetzee,  Ph.D. 

Judd  Rice,  Ph.D. 

Li  Jia,  Ph.D. 


CONTRACTING  ORGANIZATION:  University  of  Southern  California 

Los  Angeles,  CA  90033 


REPORT  DATE:  October  2006 


TYPE  OF  REPORT:  Annual 


PREPARED  FOR:  U.S.  Army  Medical  Research  and  Materiel  Command 
Fort  Detrick,  Maryland  21702-5012 


DISTRIBUTION  STATEMENT:  Approved  for  Public  Release; 

Distribution  Unlimited 


The  views,  opinions  and/or  findings  contained  in  this  report  are  those  of  the  author(s)  and 
should  not  be  construed  as  an  official  Department  of  the  Army  position,  policy  or  decision 
unless  so  designated  by  other  documentation. 


REPORT  DOCUMENTATION  PAGE 


Form  Approved 
OMB  No.  0704-0188 


Public  reporting  burden  for  this  collection  of  information  is  estimated  to  average  1  hour  per  response,  including  the  time  for  reviewing  instructions,  searching  existing  data  sources,  gathering  and  maintaining  the 
data  needed,  and  completing  and  reviewing  this  collection  of  information.  Send  comments  regarding  this  burden  estimate  or  any  other  aspect  of  this  collection  of  information,  including  suggestions  for  reducing 
this  burden  to  Department  of  Defense,  Washington  Headquarters  Services,  Directorate  for  Information  Operations  and  Reports  (0704-0188),  1215  Jefferson  Davis  Highway,  Suite  1204,  Arlington,  VA  22202- 
4302.  Respondents  should  be  aware  that  notwithstanding  any  other  provision  of  law,  no  person  shall  be  subject  to  any  penalty  for  failing  to  comply  with  a  collection  of  information  if  it  does  not  display  a  currently 
valid  OMB  control  number.  PLEASE  DO  NOT  RETURN  YOUR  FORM  TO  THE  ABOVE  ADDRESS. 


1.  REPORT  DATE  2.  REPORT  TYPE  3.  DATES  COVERED 

01-10-2006  Annual  1  Oct  2005  -  30  Sep  2006 


4.  TITLE  AND  SUBTITLE  5a.  CONTRACT  NUMBER 


Androgen  Receptor-mediated  Escape  Mechanisms  from  Androgen  Ablation  Therapy  5b.  grant  number 

W81XWH-04- 1-0823 


5c.  PROGRAM  ELEMENT  NUMBER 


6.  AUTHOR(S) 

Gerhard  A.  Coetzee,  Ph.D. 
Judd  Rice,  Ph.D. 

Li  Jia,  Ph.D. 


5d.  PROJECT  NUMBER 


5e.  TASK  NUMBER 


5f.  WORK  UNIT  NUMBER 


7.  PERFORMING  ORGANIZATION  NAME(S)  AND  ADDRESS(ES) 

University  of  Southern  California 
Los  Angeles,  CA  90033 


8.  PERFORMING  ORGANIZATION  REPORT 
NUMBER 


9.  SPONSORING  /  MONITORING  AGENCY  NAME(S)  AND  ADDRESS(ES) 
U.S.  Army  Medical  Research  and  Materiel  Command 
Fort  Detrick,  Maryland  21702-5012 


12.  DISTRIBUTION  /  AVAILABILITY  STATEMENT 

Approved  for  Public  Release;  Distribution  Unlimited 


10.  SPONSOR/MONITOR’S  ACRONYM(S) 


11.  SPONSOR/MONITOR’S  REPORT 
NUMBER(S) 


14.  ABSTRACT 

Too  many  prostate-cancer  treatments,  especially  those  relying  on  the  suppression  of  androgen,  eventually  fail  to  slow  the  advance  of  the 
disease.  One  explanation  for  this  situation  is  the  absence  of  any  systematic  knowledge  on  the  role  and  function  of  the  androgen  receptor 
(AR)  in  the  course  of  prostate  cancer  development.  Recent  findings  indicate  that  the  AR  is  the  key  master  regulator  (transcription  factor)  that 
determines  disease  progression  to  androgen  independence,  which  ultimately  contributes  to  death  from  prostate  cancer.  During  the  second 
year  of  this  grant  funding,  we  concentrated  our  efforts  on  the  understanding  of  how  transcriptional  control  of  the  AR  at  target  loci  is  achieved 
as  the  PCa  cells  escape  from  androgen  ablation  therapy  to  become  treatment  resistant.  We  found  that  androgen-independent  PCa  cells 
have  evolved  three  distinctive  alterations  in  AR-mediated  transcription.  They  are  increased  RNA  polymerase  initiation  and  processivity, 
increased  sensitivity  to  ligand,  and  locus-wide  chromatin  remodeling  that  depended  on  sustained  AR  activity.  We  proposed  a  link  between 
AR  and  subsequent  polymerase  engagements  of  target  loci  leading  to  a  ‘memory’  of  transcriptional  activity  that  in  turn  sustains  altered 
patterns  of  histone  modifications.  Armed  with  such  deeper  knowledge  of  the  hormonal  and  receptor  requirements  as  well  as  mechanisms 
associated  with  prostate  cancer  growth  and  expansion,  we  may  be  able  to  develop  therapies  that  prolong  lives.  Understanding  the  behavior 
of  the  AR,  as  documented  above, is  a  first  step  in  that  quest. 


15.  SUBJECT  TERMS 

Prostate  cancer 


16.  SECURITY  CLASSIFICATION  OF: 

18.  NUMBER 

OF  PAGES 

19a.  NAME  OF  RESPONSIBLE  PERSON 

USAMRMC 

a.  REPORT 

U 

b.  ABSTRACT 

U 

c.  THIS  PAGE 

U 

uu 

18 

19b.  TELEPHONE  NUMBER  (include  area 
code) 

Standard  Form  298  (Rev.  8-98) 

Prescribed  by  ANSI  Std.  Z39.18 


COETZEE,  Gerhard  A.  Annual  progress  report  W81XWH-04- 1-0823 


Table  of  Contents 


Cover . 1 

SF  298 . 2 

Introduction . 4 

Body . 4 

Key  Research  Accomplishments . 6 

Reportable  Outcomes . 6 

Conclusions . 6 

References . 6 


Appendices 


8 


COETZEE,  Gerhard  A.  Annual  progress  report  W81XWH-04- 1-0823 


Introduction: 

Treatment  of  advanced  PCa  often  targets  components  of  the  AR  signaling  axis 
with  small  molecules  that  cause  androgen  ablation,  thus  inhibiting  tumor  growth.  For 
patients  who  are  either  diagnosed  with,  or  subsequently  develop  metastatic  disease,  the 
only  targeted  treatment  option  is  androgen  ablation  [i.e.  orchiectomy,  treatment  with 
LHRH  agonists  or  antagonists  and/or  AR  antagonists  (Santen,  1992)].  Despite  an  initial 
positive  response,  androgen  ablation  is  essentially  palliative,  and  disease  progression 
eventually  ensues  (Kozlowski  et  al. ,  1991).  However,  prostate  cancer  cells  surviving 
after  androgen  ablation  are  in  most  cases  sensitive  to  subsequent  alternative  hormone 
manipulations  that  depend  on  a  functional  AR.  Resistance  to  androgen  ablation  is 
therefore  not  necessarily  due  to  a  loss  of  androgen  sensitivity  but  probably  develops  as 
a  consequence  of  a  deregulated  androgen  signaling  axis  resulting  from  AR  gene 
mutation  or  amplification,  altered  interactions  of  coregulatory  molecules  during 
transcription,  or  non-steroidal  activation  of  the  AR  by  growth  factors  and  cytokines 
[reviewed  in  (Balk,  2002;  Buchanan  et  al.,  2001;  Feldman  and  Feldman,  2001;  Jenster, 
1999)].  In  most  cases  such  ‘androgen-independent’  signaling  may  simply  reflect  the 
ability  of  the  AR  to  signal  at  ablation  levels  of  androgen  due  to  DHT  hypersensitivity  of 
the  signaling  mechanism.  Moreover,  proof-of-principle  that  aberrant  AR  signaling  may 
be  sufficient  to  cause  PCa  was  provided  recently  by  the  introduction  of  a  mutant  AR  into 
transgenic  mice.  Mice  carrying  the  mutant  but  not  a  wild-type  AR  transgene, 
subsequently  developed  PCa  in  100%  of  cases  (Han  et  al.,  2005);  the  mutant  AR  had 
higher  than  normal  transcriptional  activity  in  the  absence  of  ligand  and  had  increased 
sensitivity  to  coregulators. 

Body: 


Based  on  the  reviewer’s  feedback  from  our  progress  report  last  year  (2004- 
2005),  we  have  reformulated  our  specific  aims  to  accommodate  findings  made  during 
the  1st  year  of  funding.  The  new  SOW,  submitted  in  April  2006  and  subsequently 
accepted,  is  as  listed  below: 

Revised  Statement  of  Work  for  W81XWH-04-1-0823  (April  2006) 

We  have  about  18-months  left  of  funding  from  this  grant  (until  September  2007). 

Originally  two  specific  aims  were  formulated  namely: 

Specific  Aim  #1:  To  identify  non-steroidal  pathways  modulating  AR  activity. 

Specific  Aim  #2:  To  elucidate  how  non-steroidal  signaling  determines 
transcription  complex  compositions  and  histone  code  modifications  in  regulatory 
areas  of  AR  target  genes. 

We  have  essentially  completed  the  first  (see  progress  report  October  2005),  which  led 
to  one  research  paper  (Kim  et  al.,  2005)  and  one  review  (Kim  and  Coetzee,  2004). 
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We  have  subsequently  concentrated  on  the  second  specific  aim  and  have  found  that 
androgen-independent  expression  of  PSA  in  androgen-independent  prostate  cancer 
cells  does  not  rely  on  the  direct  occupancy  of  the  AR  at  the  PSA  locus,  but  is 
nevertheless  affected  PSA  expression  indirectly  via  unknown  AR-dependent 
mechanism(s)  that  influence  the  expression  from  some  but  not  all  AR  target  genes.  (Jia 
and  Coetzee,  2005).  We  will  therefore  do  the  following  tasks  to  unravel  the  mechanisms 
of  this  interesting  finding: 

Task  1:  To  analyze  AR  target  gene  chromatin  architecture  in  the  LNCaP/C4- 
2B  cell  culture  model  of  progression  to  androgen-independence  of 
prostate  cancer  cells  (months  1-12). 

a.  Compare  chromatin  integrated  gene  expression  with  transiently 
transfected  luciferase  reporters  (months  1-3). 

b.  Measure  histone  modifications  (acetylation  &  methylation)  across  the 
entire  PSA  locus  (months  4-6). 

c.  Check  gene  expression  of  PSA  and  histone  modifications  at  the  PSA  locus 
after  siRNA  knock-down  of  the  AR  (month  7-10). 

Task  2:  Develop  ChIP  and  Q-RT  PCR  assays  for  other  PSA  target  genes 
(months  10-15). 

Task  3:  Perform  similar  analyses  as  outlines  in  task  1  on  the  other  AR 
target  genes  (months  15-18). 

Task  4:  Perform  similar  analyses  as  outlines  in  task  1  using  another  ceil- 
culture-independent  model  of  progression  to  androgen- 
independence,  namely  the  xenograft  CWR22  mouse  model  from 
which  we  already  have  frozen  tissue  obtained  by  funding  from 
another  DoD  grant,  W81XWH-04-1-0049  (months  15-18). 

Task  5:  Write  manuscripts  (months  12-18). 


Because  specific  aim  #1  has  been  completed,  we  have  continued  to  work  on  specific 
aim  #2  as  formulated  above  and  outlined  below. 

Tasks  1  and  4  are  now  essentially  completed  and  published  (Task  5).  The  results  can 
be  summarized  as  follows:  We  analyzed  increased  AR-mediated  transcription  efficiency 
in  PCa  cells  that  have  acquired  the  ability  to  grow  in  low  concentrations  of  androgen. 
Compared  to  androgen-dependent  PCa  cells,  these  cells  demonstrated  increased 
activity  of  transiently  transfected  reporters  and  increased  mRNA  synthesis  relative  to 
levels  of  AR  occupancy  of  the  prostate  specific  antigen  (PSA)  gene.  The  locus  also 
displayed  up  to  10-fold  higher  levels  of  histone  H3-K9/K14  acetylation  and  H3-K4 
methylation  across  the  entire  body  of  the  gene.  Androgen-independent  PCa  cells  have 
thus  evolved  three  distinctive  alterations  in  AR-mediated  transcription.  These  are 
increased  RNA  polymerase  initiation  and  processivity,  increased  sensitivity  to  ligand, 
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and  locus-wide  chromatin  remodeling  that  depended  on  sustained  AR  activity. 
Therefore,  increased  AR  ligand  sensitivity  as  well  as  loci-specific  chromatin  alterations 
contribute  to  basal  gene  expression  of  a  subpopulation  of  specific  AR  target  genes  in 
androgen-independent  PCa  cells.  We  tentatively  propose  a  link  between  AR  and 
subsequent  polymerase  engagements  of  the  target  locus  leading  to  a  ‘memory’  of 
transcriptional  activity  that  in  turn  sustains  altered  patterns  of  histone  modifications. 
These  features  contribute  to  the  androgen-independent  phenotype  of  these  cells  (Jia  et 
al,  2006). 

Tasks  2  &  3  will  be  the  main  focus  during  the  final  year  of  funding  of  this  grant. 

Key  Research  Accomplishments  during  the  past  year: 

1.  Increased  AR  signaling  is  a  consequence  of  chromatin  modifications  at 
particular  loci,  contributing  to  the  transition  of  PCa  cells  to  ablation  resistance. 

2.  The  chromatin-modified  state  referred  to  above  depends  on  sustained  AR 
activity. 


Reportable  Outcomes: 


Jia,  L,  Shen,  HC.Wantroba,  M,  Khalid,  M,  Liang,  G,  Wang,  Q,  Gentzschein,  E, 
Pinski,  JK,  Stanczyk,  FZ,  Jones,  PA  and  Coetzee,  GA:  Locus-wide  chromatin 
remodeling  and  enhanced  androgen  receptor-mediated  transcription  in  recurrent 
prostate  tumor  cells.  Mol.  Cell.  Biol.  26:7331-7341, 2006. 

(see  copy  in  the  appendix). 

Conclusions: 


Overall  and  final  conclusions  are  pending. 

Appendices: 

The  MCB  publication  referred  to  above  is  included  (Jia  et  al  2006). 
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Prostate  cancers  (PCas)  become  resistant  to  hormone  withdrawal  through  increased  androgen  receptor  (AR) 
signaling.  Here  we  show  increased  AR-mediated  transcription  efficiency  in  PCa  cells  that  have  acquired  the 
ability  to  grow  in  low  concentrations  of  androgen.  Compared  to  androgen-dependent  PCa  cells,  these  cells 
showed  increased  activity  of  transiently  transfected  reporters  and  increased  mRNA  synthesis  relative  to  levels 
of  AR  occupancy  of  the  prostate-specific  antigen  (PSA)  gene.  The  locus  also  displayed  up  to  10-fold-higher 
levels  of  histone  H3-K9/K14  acetylation  and  H3-K4  methylation  across  the  entire  body  of  the  gene.  Although 
similar  increased  mRNA  expression  and  locus-wide  histone  acetylation  were  also  observed  at  another  kal- 
likrein  locus  ( KLK2 ),  at  a  third  AR  target  locus  ( TMPRSS2 )  increased  gene  expression  and  locus-wide  histone 
acetylation  were  not  seen  in  the  absence  of  ligand.  Androgen-independent  PCa  cells  have  thus  evolved  three 
distinctive  alterations  in  AR-mediated  transcription.  First,  increased  RNA  polymerase  initiation  and  proces- 
sivity  contributed  to  increased  gene  expression.  Second,  AR  signaling  was  more  sensitive  to  ligand.  Third, 
locus-wide  chromatin  remodeling  conducive  to  the  increased  gene  expression  in  the  absence  of  ligand  was 
apparent  and  depended  on  sustained  AR  activity.  Therefore,  increased  AR  ligand  sensitivity  as  well  as 
locus-specific  chromatin  alterations  contribute  to  basal  gene  expression  of  a  subpopulation  of  specific  AR 
target  genes  in  androgen-independent  PCa  cells.  These  features  contribute  to  the  androgen-independent 
phenotype  of  these  cells. 


The  molecular  processes  that  mediate  transcription  orches¬ 
trate  cell  proliferation,  differentiation,  and  disease  progres¬ 
sion.  Central  to  this  regulation  is  the  dynamic  organization  and 
modification  of  nucleosomes,  the  basic  repeating  unit  of  chro¬ 
matin  that  is  comprised  of  146  bp  of  DNA  wrapped  around 
histone  octamers.  Accessibility  to  transcription  factors  and  ac¬ 
tivation  of  genes  largely  depend  on  diverse  posttranslational 
modifications  of  amino  termini  (36,  47)  and  the  more  recently 
implicated  globular  domains  of  histones  (6).  These  modifica¬ 
tions  include  acetylation,  phosphorylation,  and  methylation, 
which  covalently  add  acetyl,  phospho,  and  methyl  groups,  re¬ 
spectively,  to  specific  residues  of  core  histones.  The  well-char¬ 
acterized  acetylation  and  methylation  of  lysines  in  histones  H3 
and  H4  are  highly  correlated  with  transcriptional  activation. 
Acetylation,  catalyzed  by  histone  acetyltransferases  such  as 
p300/CBP,  is  reversed  by  the  activity  of  histone  deacetylases, 
which  mediate  transcriptional  repression  (21).  Methylation  at 
histone  H3  (K4)  is  catalyzed  by  specific  methyltransferases 
often  found  in  large  complexes  such  as  ALL-1  (32).  This  pro¬ 
cess  is  reversed  by  the  action  of  a  recently  identified  lysine- 
specific  histone  demethylase,  LSD1  (39,  40).  The  complex  in¬ 
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teractions  between  the  different  histone  tail  modifications  have 
led  to  the  “histone  code  hypothesis,”  which  suggests  that  spe¬ 
cific  histone  modifications  affect  and  interact  with  other  his¬ 
tone  modifications,  thus  serving  as  markers  for  the  recruitment 
of  associated  factors  for  the  regulation  of  chromatin  function 
(41).  This  system  regulates  DNA  synthesis,  genome  stability, 
and  the  efficiency  of  gene  expression  in  patterns  that  are 
clonally  maintained  (17).  It  is  therefore  expected  that  clonally 
derived  cancer  cells  will  have  distinguishing  patterns  of  locus- 
specific  histone  modifications  related  to  the  cancer  phenotype. 
In  the  case  of  prostate  cancer  (PCa),  gene  expression  at  an¬ 
drogen  receptor  (AR)  target  loci  is  of  particular  interest  as  a 
focal  point  for  examining  such  patterns  of  histone  modification 
as  they  may  relate  to  disease  initiation  and  progression. 

AR  signaling  serves  as  a  prototypical  model  of  transcrip¬ 
tional  regulation  and  is  critical  in  all  phases  of  PCa  develop¬ 
ment,  including  the  evolution  of  resistance  to  androgen  abla¬ 
tion  therapies.  Resistance  to  androgen  ablation  is  associated 
with  an  altered  capacity  of  the  AR  to  remain  functional  in  the 
androgen-depleted  environment  (reviewed  in  references  1,  4, 
7,  and  12).  Growth  of  androgen-independent  PCa  cells  re¬ 
mains  AR  dependent,  as  disruption  of  the  AR  by  a  specific 
antibody  or  ribozyme  inhibits  proliferation  (46).  Furthermore, 
aberrant  AR  activity  in  androgen-independent  PCa  includes 
AR  hypersensitivity  to  androgens  and  insensitivity  to  antago¬ 
nists,  possibly  due  to  increased  AR  expression  and/or  the  im¬ 
pact  of  other  molecular  factors  in  tumors.  It  was  conclusively 
demonstrated  that  increased  AR  expression  is  necessary  and 
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sufficient  to  convert  androgen-sensitive  PCa  to  an  androgen- 
independent  state  (5).  Moreover,  specific  expression  in  mouse 
prostate  epithelial  cells  of  a  trans-AR  gene  containing  a  gain- 
of-function  mutation  (with  increased  basal  activity  and  re¬ 
sponse  to  coregulators)  resulted  in  PCa  development  in  100% 
of  the  animals  (16),  proving  that  aberrant  AR  signaling  was 
sufficient  to  cause  PCa. 

An  important  component  of  the  AR-mediated  phenotype 
observed  in  androgen-independent  prostate  cancer  is  the  in¬ 
creased  sensitivity  to  castrate  levels  of  androgen  that  leads  to 
androgen-independent  AR  target  gene  expression  and  tumor 
recurrence  (5).  Because  it  was  recently  shown  that  global  his¬ 
tone  acetylation  and  dimethylation  patterns  predicted  the  risk 
of  PCa  recurrence  (38),  we  hypothesized  that  part  of  the  in¬ 
creased  sensitivity  of  the  AR  to  low  levels  or  absence  of  an¬ 
drogen  may  reside  in  target  gene  histone  alterations  that  allow 
AR-mediated  transcription  to  occur  at  higher-than-normal  ef¬ 
ficiency. 

In  our  recent  work  (18-20,  25,  26)  we  have  made  extensive 
use  of  the  LNCaP/C4-2B  cell  culture  model  of  PCa  progres¬ 
sion.  LNCaP  cells  endogenously  express  the  AR  and  are  de¬ 
pendent  on  the  natural  AR  ligand  dihydrotestosterone  (DHT) 
for  growth  and  prostate-specific  antigen  (PSA)  expression  (45). 
C4-2B  is  an  androgen-independent  subline  of  LNCaP  that  still 
expresses  a  functional  AR  (9).  It  was  obtained  by  passage, 
growth,  and  isolation  of  LNCaP  from  bone  metastasis  in  cas¬ 
trated  athymic  mice  (42).  In  our  most  recently  published  study 
(19)  we  have  compared  AR  activity  in  LNCaP  and  C4-2B  cell 
lines  using  PSA  expression  as  a  target  gene  readout.  We  ob¬ 
served  very  little  PSA  expression  in  LNCaP  cells  in  the  absence 
of  androgens,  while  substantial  expression  was  observed  in 
C4-2B  cells  under  the  same  condition.  The  addition  of  DHT  to 
the  culture  medium  increased  the  expression  of  PSA  in  both 
cell  types.  In  that  study  chromatin  immunoprecipitation 
(ChIP)  analysis  unexpectedly  revealed  that  AR  was  not  signif¬ 
icantly  detectable  at  any  site  within  the  PSA  gene  locus  in  the 
absence  of  DHT  in  either  cell  type.  We  concluded  that  andro¬ 
gen-independent  expression  of  PSA  in  C4-2B  cells  did  not  rely 
on  the  direct  occupancy  of  the  AR  at  the  PSA  locus  but  based 
on  results  obtained  with  small  interfering  RNA  (siRNA)-me- 
diated  AR  knockdown  was  nevertheless  affected  indirectly  via 
an  unknown  AR-dependent  mechanism(s). 

Therefore,  in  the  present  study  we  set  out  to  investigate 
mechanisms  involved  in  AR-mediated  gene  expression  in  an¬ 
drogen-independent  PCa  cells  and  report  data  consistent  with 
three  novel  concepts  that  occur  during  the  progression  of  PCa 
to  androgen  independence.  First,  increased  RNA  polymerase 
initiation  and  processivity  contribute  to  increased  gene  expres¬ 
sion.  Second,  AR-mediated  transcription  is  sensitive  to  lower 
ligand  concentrations.  Third,  significant  androgen-indepen¬ 
dent  chromatin  alterations  at  certain  AR  target  loci  depend  on 
sustained  AR  signaling. 

MATERIALS  AND  METHODS 

Cell  culture  and  materials.  Human  prostate  cancer  LNCaP  and  PC-3  cells, 
obtained  from  the  American  Type  Culture  Collection  (ATCC;  Manassas,  VA), 
and  C4-2B  cells,  obtained  from  ViroMed  Laboratories  (Minneapolis,  MN),  were 
maintained  in  RPMI  1640  supplemented  with  5%  (vol/vol)  fetal  bovine  serum 
(FBS).  CV-1  cells  obtained  from  the  ATCC  were  grown  in  Dulbecco  modified 
Eagle  medium  (DMEM)  with  5%  FBS.  5a-DHT,  dexamethasone  (Dex),  and 


MG132  were  purchased  from  Sigma  Chemical  Co.  (St.  Louis,  MO).  Antibodies 
were  anti-AR  (N20),  anti-polymerase  II  (N20),  antiactin  (Santa  Cruz  Biotech¬ 
nology,  Santa  Cruz,  CA),  anti-acetylated  H3  (anti-AcH3)-K9/K14,  anti-dimethyl- 
H3-K4  (Upstate  Biotechnology,  Inc.,  Lake  Placid,  NY),  anti-trimethyl-H3-K4, 
and  anti-histone  H3  (Abeam,  Cambridge,  MA).  The  probasin-luc  (ARR3-thy- 
midine  kinase-lucif erase)  and  MMTV-luc  (mouse  mammary  tumor  virus-lucif- 
erase)  expression  vectors  have  been  used  previously  in  our  studies  (20).  PSA- 
luciferase  (PGL3-PSA5.85)  was  a  generous  gift  from  Hong-Wu  Cheng, 
University  of  California  at  Davis,  and  was  constructed  by  inserting  5.85  kb  of  the 
entire  PSA  upstream  sequence  into  pGL3  basic  vector  (29). 

Transient-transfection  and  luciferase  assays.  CV-1  cells  were  seeded  in  96- 
well  plates  at  7  X  103  cells/well  in  phenol-red  free  DMEM  containing  5% 
charcoal/dextran-stripped  FBS  (CSS).  One  day  later  cells  were  transfected  with 
MMTV-luc  reporter  (100  ng/well)  along  with  AR  (10  ng/well)  or  glucocorticoid 
receptor  (GR)  (10  ng/well)  using  Lipofectamine  2000  (Invitrogen  Corp.,  Carls¬ 
bad,  CA)  according  to  the  manufacturer’s  protocol.  The  next  day  cells  were 
exposed  to  5  pM  MG132  or  dimethyl  sulfoxide  (DMSO)  vehicle  for  2  h,  after 
which  the  media  were  changed  to  introduce  10  nM  DHT  or  100  nM  Dex  or 
ethanol  (EtOH)  vehicle  for  a  subsequent  24-hour  treatment.  Cells  were  lysed 
using  Passive  Lysis  Buffer  (Promega,  Madison,  WI),  and  luciferase  activity  de¬ 
terminations  in  cell  lysates  were  conducted  as  previously  described  (20). 

LNCaP  (3  X  105  cells/well)  and  C4-2B  (1.5  X  105  cells/well)  cells  were  plated 
in  12-well  plates  and  grown  in  phenol  red-free  RPMI  1640  containing  5%  CSS 
for  2  days.  Cells  were  then  transfected  with  an  AR-responsive  firefly  luciferase 
reporter  plasmid,  PSA-luc,  probasin-luc,  or  MMTV-luc  (1  |xg/well)  along  with 
pRL-SV40  Renilla  luciferase  plasmid  (Promega)  (10  ng/well)  using  Lipo¬ 
fectamine  2000  (Invitrogen  Corp.)  according  to  the  manufacturer’s  protocol. 
After  transfection,  cells  were  grown  in  phenol  red-free  RPMI  1640  containing 
5%  CSS  with  different  concentrations  of  DHT  as  indicated  for  24  h.  Dual 
luciferase  activity  determinations  in  cell  lysates  were  conducted  according  to  the 
manufacturer’s  protocol  using  the  dual  luciferase  reporter  assay  system  (Pro¬ 
mega). 

Histone  isolation  and  immunoblotting.  Total  histone  isolation  and  immuno- 
blotting  were  performed  as  previously  described  using  the  indicated  antibodies 
(18,  26). 

Real-time  RT-PCR.  After  the  indicated  treatments,  total  RNA  from  cells  or 
tissues  was  extracted  using  the  SV  Total  RNA  Isolation  System  (Promega).  A 
two-step  reverse  transcription-PCR  (RT-PCR)  method  was  employed  using  the 
TaqMan  Gold  RT-PCR  kit  (Applied  Biosystems,  Branchburg,  NJ)  and  Opticon 
(MJ  Research,  Inc.,  Waltham,  MA).  The  primers  and  probes  of  real-time  PCR 
for  PSA  pre-mRNA,  PSA  mature  mRNA,  and  glyceraldehyde-3-phosphate  de¬ 
hydrogenase  (GAPDH)  mRNA  expression  were  as  previously  described  (20). 
The  primers  and  probes  of  real-time  PCR  for  pi 6,  KLK2,  and  TMPRSS2  mRNA 
expression  were  as  follows:  pl6,  5  '-CTGCCCAACGCACCGA-3 '  (forward),  5'-CG 
CTGCCCATCATCATGAC-3 '  (reverse),  5'-6-FAM-TGGATCGGCCTCCGACC 
GTAACT-BHQ-1-3'  (probe);  KLK2,  GCTGCCC  ATTGCCTAA  AG  A  AG 
(forward),  TGGGAAGCTGTGGCTGACA  (reverse),  5'-6-FAM-CGGCA 
CAACCTGTTTGAGCCTGAAGA-BHQ- 1-3 '  (probe);  TMPRSS2, 5'-CCTGC 
AAGGACATGGGTATA-3 '  (forward),  CCGGCACTT  GT  GTT  CAGTTTC-3 ' 
(reverse),  5 '  -6-FAM-TAGCCAAGGAATAGTGGATGACAGCGGA-BHQ- 1  -3 ' 
(probe).  Triplicate  PCRs  were  conducted.  GAPDH  mRNA  expression  was  analyzed 
for  each  sample  in  parallel. 

ChIP  assays.  LNCaP  (6  X  106  cells/150-mm  dish),  C4-2B  (3  X  106  cells/ 
150-mm  dish),  and  PC-3  (3  X  106  cells/150-mm  dish)  cells  were  cultured  in 
phenol  red-free  RPMI  1640  supplemented  with  5%  CSS  for  3  days.  After  the 
indicated  treatments,  ChIP  assays  were  conducted  as  described  previously  (20). 
DNA  samples  from  ChIP  preparations  were  analyzed  by  real-time  PCR  using 
AmpliTaq  Gold  PCR  Master  Mix  (Applied  Biosystems)  and  Opticon  (MJ  Re¬ 
search,  Inc.).  The  primers  and  probes  (synthesized  by  Biosearch  Technologies, 
Novato,  CA)  for  the  PSA,pl6,  KLK2,  and  TMPRSS2  loci  are  listed  in  Tables  SI 
to  S4,  respectively,  in  the  supplemental  material.  Duplicate  immunoprecipita- 
tions  (IPs)  for  each  antibody  and  duplicate  real-time  PCRs  for  each  IP  sample 
were  performed.  Input  values  were  obtained  from  samples  treated  in  the  same 
way  as  the  experimental  ones,  except  that  no  IP  steps  were  performed.  The 
results  are  given  as  percentages  of  input. 

siRNA  transfection.  C4-2B  cells  (1.5  X  106  cells/150-mm  dish)  were  grown  in 
phenol  red-free  RPMI  1640  containing  5%  CSS  for  2  days.  Cells  were  transfected 
with  an  AR  siRNA  duplex  (sense,  5'-ACG  UUU  ACU  UAU  CUU  AUG 
CTT-3';  antisense,  5'-GCA  UAA  GAU  AAG  UAA  ACG  UTT-3')  directed 
against  the  coding  region  of  AR  mRNA.  Mock  transfection  (without  siRNA)  and 
a  nonspecific  (NS)  siRNA  duplex  (sense,  5'-AAU  UUU  ACU  CGC  UCG  AUU 
UTT-3';  antisense,  5'-AAA  UCG  AGC  GAG  UAA  AAU  UTT-3')  were  used  as 
controls.  All  siRNA  duplexes  were  transfected  at  a  final  concentration  of  100  nM 
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FIG.  1.  Unliganded  and  liganded  AR  occupancy  at  the  PSA  enhancer.  A.  Schematic  representation  of  the  PSA  gene.  Vertical  arrows  show 
real-time  PCR  targeted  regions.  UTR,  untranslated  region.  B.  LNCaP  and  C4-2B  cells  were  incubated  in  phenol  red-free  RPMI  1640  containing 
5%  CSS  for  3  days  and  then  pretreated  with  5  fiM  MG132  or  DMSO  vehicle  for  2  h,  followed  by  10  nM  DHT  or  EtOH  vehicle  for  2  h.  AR  and 
RNA  polymerase  II  (Pol  II)  occupancies  at  the  indicated  sites  of  the  PSA  gene  were  examined  by  ChIP  analyses.  The  results  are  representative 
of  two  independent  experiments,  and  values  are  presented  as  percentage  input  and  represent  mean  values  ±  standard  deviations.  IgG,  immuno¬ 
globulin  G.  C.  LNCaP  and  C4-2B  cells  were  treated  as  described  for  panel  B.  Immunoblot  analyses  of  AR  and  actin  protein  levels  from  whole-cell 
extracts  were  conducted.  The  number  above  each  lane  of  AR  expression  indicates  the  relative  intensity  of  each  band  normalized  to  actin  expression. 
The  data  are  representative  of  two  independent  experiments.  D.  LNCaP  and  C4-2B  cells  were  treated  as  described  for  panel  B.  PSA  pre-mRNA 
levels  were  examined  by  real-time  RT-PCR.  The  results  are  shown  as  PSA  pre-mRNA/GAPDH  ratios.  Values  are  presented  as  the  means  ± 
standard  deviations  of  triplicate  determinations.  E.  CV-1  cells  were  incubated  in  phenol-red  free  DMEM  containing  5%  CSS  for  1  day  prior  to 
transfection  with  MMTV-luc  reporter  (100  ng/well)  along  with  AR  (10  ng/well)  or  GR  (10  ng/well)  in  96-well  plates.  Cells  were  exposed  to  5  |xM 
MG132  or  DMSO  vehicle  for  2  h,  followed  by  10  nM  DHT  or  100  nM  Dex  treatment  for  24  h.  Data  are  measured  in  relative  light  units  (RLU) 
and  are  representative  of  results  obtained  from  three  independent  experiments.  Values  are  means  ±  standard  deviations  of  triplicate  wells. 


using  Oligofectamine  reagent  (Invitrogen  Corp.)  according  to  the  manufacturer’s 
instructions.  After  transfection,  cells  were  grown  in  phenol  red-free  RPMI  1640 
containing  5%  CSS  for  4  days  and  then  ChIP  assays  were  conducted  as  described 
above.  AR  protein  levels  of  2%  sonicated  input  from  ChIP  experiments  were 
measured  by  immunoblotting. 

CWR22  prostate  cancer  xenograft  model  and  tissue  ChIP.  The  CWR22  hu¬ 
man  prostate  tumors  were  provided  by  C.  W.  Gregory  of  the  University  of  North 
Carolina  (Chapel  Hill,  NC)  and  maintained  as  xenografts.  The  CWR22  andro¬ 
gen-dependent  and  androgen-independent  prostate  tumors  were  generated  in 
nude  mice  (obtained  from  Charles  River  Laboratories,  Inc.,  Wilmington,  MA)  as 
described  previously  (24)  with  the  following  modifications.  The  tumors  were 
injected  subcutaneously  (s.c.)  as  1  million  dissociated  cells  in  Matrigel  (BD 
Biosciences,  Bedford,  MA)  into  nude  mice  containing  12.5-mg  sustained-release 
testosterone  pellets  (implanted  s.c.  2  days  prior  to  tumor  transplantation).  Tu¬ 
mor  growth  was  determined  weekly  by  caliper  measurement.  Tumor  volume  was 
calculated  with  the  following  formula:  0.52  X  L  X  W2,  where  L  is  length  and  W 
is  width.  After  3  weeks,  when  tumors  had  grown  to  a  volume  size  of  approxi¬ 
mately  0.5  cm3,  mice  were  castrated  and  randomized  into  two  study  groups.  In 
group  1  (n  =  5),  s.c.  12.5-mg  testosterone  pellets  were  left  to  maintain  consistent 
serum  levels  of  testosterone.  In  group  2  (n  =  4),  s.c.  12.5-mg  testosterone  pellets 


were  removed.  Once  tumors  reached  a  volume  of  about  3  cm3,  mice  were 
sacrificed  by  cervical  dislocation.  Fresh  tumors  were  harvested  and  excised  into 
several  pieces  (~0.2  cm3).  Tumors  for  the  study  of  RNA  were  frozen  in  liquid 
nitrogen.  Tumors  for  ChIP  assay  were  cut  into  small  pieces  and  immediately 
fixed  with  1%  formaldehyde  at  room  temperature  for  10  min.  The  cross-linking 
reaction  was  terminated  by  adding  glycine  at  a  final  concentration  of  0.125  M. 
Tissues  were  washed  with  cold  1 X  phosphate-buffered  saline  and  homogenized. 
Cell  pellets  were  resuspended  in  lysis  buffer  (1%  sodium  dodecyl  sulfate,  10  nM 
EDTA,  50  nM  Tris-HCl,  pH  8.0,  2X  protease  inhibitors).  After  sonication,  the 
resulting  soluble  chromatins  were  stored  at  —  80°C.  ChIP  assays  and  quantitative 
real-time  PCR  were  performed  later  as  described  above.  Blood  was  collected, 
and  serum  testosterone  levels  were  determined  by  a  highly  specific  radioimmu¬ 
noassay  (15). 

RESULTS 

Unliganded  AR  occupancy  at  the  PSA  enhancer  is  associ¬ 
ated  with  high  PSA  expression  in  androgen-independent  PCa 
cells.  In  the  present  study  we  have  addressed  the  novel  concept 
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that  an  AR  target  locus  may  become  more  sensitive  to  the 
transcription  factor  by  extending  our  analyses  across  the  entire 
PSA  gene  (Fig.  1A).  Although  AR  did  not  significantly  localize 
to  any  site  at  this  locus  in  C4-2B  cells  in  the  absence  of  DFIT, 
it  could  be  detected  at  the  PSA  enhancer  if  the  cells  were 
pretreated  with  the  potent  26S  proteasome  inhibitor  MG132 
(Fig.  IB)  (27).  MG132  disrupts  proteasome  involvement  in  the 
cyclical  recruitment  of  transcription  factors  to  steroid  receptor- 
mediated  transcription  sites  (10,  22).  The  proteasome -medi¬ 
ated  turnover  of  the  estrogen  receptor  (ER)  on  responsive 
promoters  was  previously  shown  to  be  an  integral  feature  of 
ER  signaling  (33).  Therefore,  we  surmised  that  inhibition  of 
the  proteasome  may  cause  accumulation  of  AR  at  the  PSA 
enhancer  even  if  AR  occupies  the  site  transiently  and  that  this 
could  result  in  enhanced  detection  sensitivity.  Significant  AR 
levels  accumulated  at  the  PSA  enhancer  after  MG132  treat¬ 
ment  in  the  absence  of  DHT,  more  so  in  C4-2B  than  in  LNCaP 
cells.  Flowever,  this  did  not  lead  to  substantial  RNA  polymer¬ 
ase  II  recruitment  to  any  site  at  the  locus  (Fig.  IB),  consistent 
with  proposals  that  proteasome-mediated  effects  on  RNA 
polymerase  II  resolve  stalled  polymerase  complexes  during 
transcription  (14). 

Another  insight  was  revealed  by  the  polymerase  occupancy 
data  obtained  from  C4-2B  cells  not  treated  with  MG132  (Fig. 
IB).  Although  the  polymerase  occupancy  levels  were  similar 
between  cells  treated  and  cells  not  treated  with  DHT  at  the 
promoter  (site  F),  the  levels  were  significantly  higher  through 
the  body  of  the  genes  in  cells  treated  with  DHT.  Polymerase  II 
occupancy  at  the  transcription  start  site  in  the  absence  of  DHT 
(vehicle)  in  C4-2B  cells  is  in  line  with  significant  PSA  expres¬ 
sion  under  these  conditions,  whereas  its  increased  presence 
through  the  body  of  the  gene  after  DHT  treatment  is  consis¬ 
tent  with  an  increase  in  polymerase  processivity  (30).  However, 
the  fact  that  the  polymerase  occupancy  levels  were  higher  at 
the  enhancer,  promoter,  and  gene  body  in  C4-2B  cells  than  in 
LNCaP  cells  may  be  due  to  increases  in  both  processivity  and 
transcription  initiation  events  in  C4-2B  cells.  Exactly  how  this 
is  achieved  is  unclear,  but  it  seems  to  be  unrelated  to  AR 
occupancy  at  the  enhancer,  which  was  similar  in  LNCaP  and 
C4-2B  cells. 

The  increased  AR  accumulation  at  the  PSA  enhancer  in 
C4-2B  compared  to  LNCaP  cells  after  MG132  treatment  indi¬ 
cates  that  AR  turnover,  mediated  by  proteasomal  action,  may 
occur  at  higher  rates  in  the  absence  of  ligand  in  C4-2B  than  in 
LNCaP  cells.  The  MG132  treatment  marginally  stabilized  the 
AR  protein  by  20  to  30%  (Fig.  1C).  As  expected,  AR  occu¬ 
pancy  levels  increased  to  similar  levels  as  a  result  of  2-h  DHT 
treatment  in  both  cell  types.  Therefore,  AR  does  in  fact  local¬ 
ize  to  the  PSA  enhancer  in  C4-2B  cells  in  the  absence  of  ligand, 
if  only  transiently  and  at  a  relatively  low  level,  and  can  thus 
mediate  PSA  expression  in  the  absence  of  DHT.  These  data 
also  suggest  that  very  low  steady-state  levels  of  AR  occupancy 
can  mediate  substantial  PSA  expression  in  the  absence  of  DHT 
specifically  in  C4-2B  cells  (Fig.  ID).  PSA  pre-mRNA  expres¬ 
sion  was  4-  to  11-fold  higher  in  C4-2B  cells  under  all  conditions 
(Fig.  ID).  Therefore,  in  androgen-independent  C4-2B  cells 
AR-mediated  transcription  of  PSA  was  markedly  more  effi¬ 
cient  than  in  LNCaP  cells  as  defined  by  mRNA  synthetic  rates 
relative  to  AR  occupancy  levels  at  the  PSA  enhancer.  As  ex¬ 
pected,  MG132  treatment  inhibited  PSA  expression  in  both 
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FIG.  2.  DHT-sensitive  AR  phenotype  in  androgen-independent 
PCa  cells.  A.  LNCaP  and  C4-2B  cells  were  transiently  transfected  with 
PSA-luc  reporter  plasmid  along  with  Renilla  luciferase  plasmid  as 
described  for  panel  B.  Immunoblot  analyses  of  AR  and  actin  protein 
levels  from  whole-cell  extracts  were  conducted.  B.  LNCaP  and  C4-2B 
cells  were  transiently  transfected  with  one  of  three  AR-responsive 
firefly  luciferase  reporter  plasmids,  PSA-luc,  probasin-luc,  or  MMTV- 
luc  (1  p.g/well),  along  with  the  pRL-SV40  Renilla  luciferase  plasmid  (10 
ng/well)  in  12-well  plates  and  incubated  with  different  concentrations 
of  DHT  as  indicated  for  24  h.  Dual  luciferase  assays  were  conducted. 
The  results  were  normalized  for  the  internal  Renilla  control  of  each 
well  and  expressed  as  the  mean  relative  light  units  (RLU)  ±  standard 
deviation  from  quadruplicate  samples. 
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FIG.  3.  Histone  modification  analyses  at  the  PSA  locus.  A.  Schematic  representation  of  the  PSA  gene.  Vertical  arrows  show  real-time 
PCR-targeted  regions.  UTR,  untranslated  region.  B.  LNCaP,  C4-2B,  and  PC-3  cells  were  incubated  in  phenol  red-free  RPMI  1640  containing  5% 
CSS  for  3  days  and  then  treated  with  10  nM  DHT  or  EtOH  vehicle  for  4  h.  AcH3,  dimethylated  H3-K4,  trimethylated  H3-K4,  and  unmodified 
histone  H3  were  examined  by  ChIP  analyses  at  each  of  the  PSA  target  regions.  Duplicate  IPs  for  each  antibody  and  duplicate  real-time  PCR  for 
each  IP  sample  were  done.  Values  are  presented  as  percentages  of  input  and  represent  mean  values  ±  standard  deviations. 
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cell  types  in  the  presence  or  absence  of  DHT.  Also,  AR- 
mediated  regulation  of  an  ectopically  expressed  luciferase  re¬ 
porter  in  CV-1  cells  was  inhibited  by  MG132  treatment  (Fig. 
IE).  It  is  understood  that  these  inhibitory  effects  result  from 
sequestration  of  the  AR  at  AR  binding  sites  in  response  to 
proteasome  inhibition.  It  is  known  that  MG132  does  not  in¬ 
hibit  GR  activity  (11),  a  phenomenon  that  we  have  used  in  this 
experiment  to  demonstrate  that  the  inhibition  of  AR-mediated 
transcription  by  MG132  was  not  due  to  cytotoxic  effects  of  the 
drug. 

DHT-stimulated,  non-chromatin-integrated,  ARE-lucifer- 
ase  reporters  are  expressed  at  higher  levels  and  are  more 
sensitive  to  DHT  concentrations  in  androgen-independent 
cells.  In  order  to  determine  AR  activity  on  non-chromatin- 
integrated  promoters,  we  transiently  transfected  and  measured 
expression  of  androgen  response  element  (ARE)-driven  lucif¬ 
erase  reporters  in  C4-2B  and  LNCaP  cells  (Fig.  2).  With  the 
use  of  any  one  of  three  reporter  constructs  (PSA-,  probasin-,  or 
MMTV-luciferase),  the  C4-2B  cells  were  able  to  respond  to 
DHT  at  concentrations  lower  by  several  orders  of  magnitude 
and  with  severalfold-higher  expression  levels.  The  results  could 
not  be  explained  by  differences  in  transfection  efficiency  or  AR 
steady-state  levels  (Fig.  2A).  The  data  indicate  that  an  AR 
ligand-sensitive  phenotype  exists  in  C4-2B  cells,  unrelated  to 
integrated  chromatin  architecture  of  the  target  locus.  This  is 
probably  due  to  altered  AR  activation  mechanisms  (4,  8,  12). 
Similar  hypersensitivity  to  DHT  was  observed  when  endoge¬ 
nous  PSA  expression  was  measured  (19).  However,  a  signifi¬ 
cant  difference  between  basal  expression  levels  (no  added 
DHT)  of  the  transient  reporter  and  the  endogenous  PSA  was 
apparent;  whereas  luciferase  expression  levels  under  these 
conditions  were  very  low  and  similar  in  C4-2B  and  LNCaP  cells 
(Fig.  2),  endogenous  PSA  expression  values  in  the  absence  of 
DHT  were  more  than  10-fold  higher  in  C4-2B  than  in  LNCaP 
cells  (Fig.  ID).  We  conclude  that  although  a  chromatin-inde¬ 
pendent,  hypersensitive  AR  phenotype  exists  in  C4-2B  cells, 
efficient  transcription  in  the  absence  of  DHT  depends  on  chro¬ 
matin-integrated  genes. 

The  PSA  locus  is  hyperacetylated  and  hypermethylated  in 
androgen-independent  cells.  To  test  the  hypothesis  that  the 
chromatin  structure  at  the  PSA  locus  may  be  conducive  to 
AR-mediated  transcription  at  very  low  levels  of  AR  occupancy 
and  in  the  absence  of  added  ligand,  we  examined  histone 
modifications  across  the  entire  PSA  locus  (Fig.  3A).  Histone 
H3  acetylation  levels  at  residues  K9  and  K14  were  markedly 
higher  in  C4-2B  cells  than  in  either  LNCaP  or  AR-negative 
PCa  cells  (PC-3),  even  in  the  absence  of  DHT  treatment  (Fig. 
3B).  Very  high  levels  of  histone  H3  acetylation  were  apparent 
at  the  transcription  start  site  and  also  most  dramatically 
throughout  the  body  of  the  gene  in  C4-2B  cells,  returning  to 
basal  levels  only  downstream  of  the  3'  end  of  the  gene.  Al¬ 
though  the  highest  levels  of  acetylation  were  observed  in  in- 
trons  1  (site  G)  and  2  (site  H),  the  high  levels  of  acetylation 
across  the  entire  body  of  the  gene  are  in  contrast  to  acetylation 
islands  at  the  transcription  start  sites  of  many  actively  tran¬ 
scribed  genes  as  revealed  in  genome -wide  screens  (28,  34,  35). 
Furthermore,  both  dimethylated  and  trimethylated  H3-K4  lev¬ 
els  in  C4-2B  cells  were  significantly  increased  across  the  body 
of  the  gene  (Fig.  3B).  The  current  data  suggest  that  the  situ¬ 
ation  in  specifically  activated  genes,  such  as  PSA  in  PCa  cells, 
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FIG.  4.  pl6  gene  expression  and  histone  modifications.  A.  LNCaP 
and  C4-2B  cells  were  incubated  in  phenol  red-free  RPMI  1640  con¬ 
taining  5%  CSS  for  3  days  and  treated  with  10  nM  DHT  and  EtOH 
vehicle  for  18  h.  pl6  and  GAPDH  mRNA  levels  were  measured  by 
real-time  RT-PCR.  The  pl6  expression  levels  are  shown  as  pl6/ 
GAPDH  mRNA  ratios.  Values  are  presented  as  the  means  ±  standard 
deviations  of  triplicate  determinations.  B.  Schematic  representation  of 
the  pl6  gene.  Vertical  arrows  show  real-time  PCR-targeted  regions.  C. 
ChIP  DNA  samples,  obtained  from  the  experiment  depicted  in  Fig.  3B, 
were  analyzed  for  AcH3,  dimethylated  H3-K4,  and  trimethylated 
H3-K4  histones  at  the  pl6  locus. 


represents  a  special  condition  of  sustained  “open”  chromatin 
structures  across  entire  loci  that  facilitate  hypersensitivity  to 
the  AR-mediated  transcription.  In  this  regard  the  PSA  locus  is 
similar  to  the  locus  control  region  of  the  active  e-globin  gene 
where  histone  H3  and  H4  acetylation  and  H3-K4  methylation 
were  found  to  be  continuous  over  a  17-kb  region  during  active 
gene  expression  (23).  Similarly,  a  nearly  continuous  H3-K4 
methylated  60-kb  region  stretches  from  HOXA1  to  HOXA7  in 
human  lung  fibroblasts  (2).  Loci  such  as  these  have  apparently 
evolved  to  allow  sustained  expression  of  their  component  genes. 
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DHT  treatment  increased  the  levels  of  histone  H3  acetyla¬ 
tion  in  C4-2B  and  LNCaP  cells  but  not  in  AR-negative  PC-3 
cells  (Fig.  3B).  Di-  and  trimethyl-H3  levels  at  residue  K4  de¬ 
creased  after  DHT  treatment  at  most  sites,  as  we  have  re¬ 
ported  previously,  which  is  possibly  due  to  epitope  masking 
(26).  Total  histone  H3  density  was  similar  at  most  sites  in  all 
cells,  indicating  that  the  observed  hyperacetylation  and  hyper- 
methylation  were  not  because  of  discrepancies  in  histone  den¬ 
sities.  However,  at  both  the  enhancer  and  promoter  (sites  B 
and  F,  respectively),  H3  density  decreased  somewhat  after 
DHT  treatment,  possibly  due  to  nucleosome  displacement  at 
these  sites  by  the  docking  of  transcription  initiation  factors. 
Similar  dips  in  levels  of  histones  H3.3  and  H3  were  seen  at 
active  promoters  of  Drosophila  melanogaster  and  interpreted  as 
areas  depleted  of  nucleosomes  (31). 

At  the  non-AR-target  p!6  locus  the  levels  of  above-men¬ 
tioned  histone  modifications  were  similar  in  LNCaP  and  C4-2B 
cells,  as  was  pl6  mRNA  expression  (Fig.  4).  Furthermore,  the 
total  genome-wide  levels  of  acetylated  and  methylated  histone 
H3  were  similar  in  the  three  cell  types  regardless  of  DHT 
exposure  (see  Fig.  SI  in  the  supplemental  material).  These 
results  indicate  that  the  dramatic  alterations  of  histones  in 
C4-2B  cells  are  PSA  locus  specific,  which  strongly  implicates 
AR  activity  in  the  process. 

In  vitro  electromobility  shift  assays  using  an  androgen  re¬ 
sponse  element  containing  double-stranded  DNA  oligonucle¬ 
otide  as  a  probe  revealed  no  differences  in  activity  from  whole¬ 
cell  extracts  of  LNCaP  and  C4-2B  cells  (see  Fig.  S2  in  the 
supplemental  material),  indicating  that  the  cellular  milieu  was 
not  different  between  the  two  cell  types  in  allowing  AR  to 
interact  with  its  cognate  DNA  response  element. 

Overall  the  results  indicate  that  the  hypersensitization  of  the 
PSA  locus  by  significant  histone  H3  acetylation  and  methyl- 
ation  that  encourage  an  “open”  chromatin  structure  is  a  likely 
mechanism  behind  the  elevated  androgen-independent  PSA 
expression  observed  in  C4-2B  cells. 

Gene  expression  and  histone  H3  acetylation  at  two  other  AR 
target  loci.  In  order  to  determine  the  generality  of  AR-medi- 
ated  gene  overexpression  and  locus-wide  histone  hyperacety¬ 
lation  found  at  the  PSA  locus,  we  analyzed  two  additional  AR 
target  loci,  tissue  kallikrein  2  ( KLK2 )  and  TMPRSS2.  KLK2  is 
18.5  kb  downstream  from  the  PSA  locus  (also  known  as  KLK3 ) 
and  similarly  belongs  to  a  family  of  15  tissue  kallikrein  genes 
on  chromosome  19  (3).  KLK2  is  a  distinct  locus  from  PSA ,  and 
histone  H3  acetylation  increases  observed  at  the  PSA  locus  do 
not  continuously  extend  to  the  KLK2  locus  (data  not  shown). 
TMPRSS2  is  an  AR  target  gene  on  chromosome  21,  and  its 
promoter  (and  androgen  dependence)  is  often  translocated  to 
ETS  transcription  factor  genes  in  PCa  (43,  44).  This  translo¬ 
cation  has  not  happened  in  LNCaP  cells  (44)  and  presumably 
also  not  in  C4-2B  cells,  since  in  both  cell  lines  TMPRSS2 
expression  was  significantly  stimulated  by  DHT  (Fig.  5A).  In 
the  absence  of  DHT,  KLK2  was  significantly  more  expressed  in 
C4-2B  than  in  LNCaP,  whereas  expression  levels  of  TMPRSS2 
were  similar  in  the  two  cell  lines  under  the  same  nonligand 
conditions.  The  expression  of  both  genes  in  both  cell  lines  was 
significantly  induced  by  the  addition  of  DHT  to  the  medium.  In 
the  absence  of  DHT,  the  KLK2  locus  had  an  enhanced  histone 
H3  acetylation  pattern  across  the  entire  gene  body  in  C4-2B 
compared  to  LNCaP  cells  (Fig.  5B).  At  the  TMPRSS2  locus 


only  the  promoter  and  5'  end  were  acetylated  and  the  levels 
were  similar  in  the  two  cell  lines  in  the  absence  of  DHT  (Fig. 
5C).  At  both  loci,  and  in  both  cell  lines,  the  levels  of  acetylation 
increased  after  DHT  treatment.  Thus,  KLK2  behaved  with 
greater  similarity  to  PSA  than  does  TMPRSS2. 

Increased  histone  acetylation  is  associated  with  the  devel¬ 
opment  of  androgen  independence  in  vivo.  To  determine 
whether  the  data  linking  histone  modification  with  PCa  pro¬ 
gression  reported  thus  far  are  confined  to  the  LNCaP/C4-2B 
cell  culture  model,  we  opted  to  investigate  CWR22  mouse 
xenografts,  a  powerful  model  system  to  study  clinically  relevant 
PCa  progression  to  androgen  independence  in  a  nontissue 
culture  system.  CWR22  tumors  express  AR  and  secrete  PSA 
and  whereas  they  are  initially  androgen  dependent,  will 
progress  to  androgen  independence  following  castration  while 
retaining  a  transcriptionally  active  AR  in  the  recurrent  tumors 
(24).  Therefore,  the  CWR22  human  PCa  xenograft  model 
mimics  clinical  PCa  progression  and  provides  an  excellent  sys¬ 
tem  for  studying  histone  alterations  at  the  PSA  locus  in  the 
context  of  failed  androgen  ablation  therapy  and  subsequent 
tumor  relapse.  In  the  present  study  this  process  lasted  12  to  16 
weeks  following  castration  (Fig.  6A). 

In  the  present  experiment  we  established  two  groups  of 
mice:  group  1  CWR22  tumors  were  grown  under  the  influ¬ 
ence  of  testosterone,  whereas  group  2  tumors  were  grown 
under  total  ablation  conditions,  as  evidenced  by  the  absence 
of  measurable  testosterone  levels  in  this  group  (Fig.  6C). 
Notably,  group  1  mice  had  on  average  lower  steady-state 
levels  of  PSA  mRNA  than  did  group  2  mice  (Fig.  6B). 
Histone  modifications  were  analyzed  by  ChIP  assays  per¬ 
formed  on  minced  tumor  material,  which  was  harvested 
when  the  tumors  reached  about  3  cm3.  Group  2  mice,  with 
androgen-independent  tumors,  displayed  statistically  signif¬ 
icant  elevated  histone  H3-K9/K14  acetylation  at  the  tran¬ 
scription  start  site  as  well  as  at  most  of  the  sites  across  the 
body  of  the  PSA  gene  (Fig.  6D).  Interestingly,  this  difference 
was  not  observed  at  the  PSA  enhancer,  although  substantial 
acetylation  was  observed  in  both  groups  at  this  site.  Histone 
H3-K4  di-  and  trimethylation  were  somewhat  elevated  in 
group  2,  but  due  to  the  variation  between  animals  statistical 
significance  was  not  reached  (data  not  shown). 

These  results  show  that  at  the  PSA  locus  the  histone  H3 
acetylation  in  androgen-independent  tumors  (i.e.,  group  2 
mice)  is  increased  compared  to  that  in  androgen-dependent 
tumors  (group  1  mice).  The  results  from  this  animal  model 
system  are  therefore  in  agreement  with  those  obtained  in  the 
LNCaP/C4-2B  culture  system  and  prove  that  the  histone  mod¬ 
ifications  at  the  PSA  locus  are  not  an  artifact  of  cell  culture,  nor 
are  they  specific  to  a  given  model  system. 

Histone  alterations  at  the  PSA  locus  in  androgen-indepen- 
dent  PCa  cells  are  AR  dependent.  In  our  previous  study  we 
observed  that  siRNA  knockdown  of  AR  using  two  indepen¬ 
dent  siRNA  constructs  inhibited  PSA  expression  in  C4-2B  cells 
grown  in  the  absence  and  presence  of  androgens  (19).  Recently 
it  was  also  shown  that  cell  proliferation  was  attenuated  by 
siRNA-mediated  knockdown  of  the  AR  (13).  In  the  present 
experiments  we  knocked  down  AR  and  analyzed  histone  mod¬ 
ifications  at  the  PSA  locus.  As  our  work  has  previously  dem¬ 
onstrated,  after  4  days  of  AR  knockdown  nearly  all  AR  protein 
was  depleted  from  the  cells  as  shown  by  immunoblot  analysis 
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FIG.  5.  mRNA  expression  and  histone  H3  acetylation  at  KLK2  and  TMPRSS2  loci.  A.  LNCaP  and  C4-2B  cells  were  incubated  in  phenol 
red-free  RPMI  1640  containing  5%  CSS  for  3  days  and  treated  with  10  nM  DHT  and  EtOH  vehicle  for  16  h.  KLK2,  TMPRSS2,  and  GAPDH 
mRNA  levels  were  measured  by  real-time  RT-PCR.  The  KLK2  and  TMPRSS2  expression  levels  are  shown  as  KLK2/GAPDH  and  TMPRSS2/ 
GAPDH  mRNA  ratios.  Values  are  presented  as  the  means  ±  standard  deviations  of  triplicate  determinations.  B.  Schematic  representation  of  the 
KLK2  gene.  Vertical  arrows  show  real-time  PCR  targeted  regions.  LNCaP  and  C4-2B  cells  were  incubated  in  phenol  red-free  RPMI  1640 
containing  5%  CSS  for  3  days  and  then  treated  with  10  nM  DHT  or  EtOH  vehicle  for  4  h.  AcH3  was  examined  by  ChIP  analyses  at  each  of  the 
KLK2  target  regions.  C.  Schematic  representation  of  the  TMPRSS2  gene.  Vertical  arrows  show  real-time  PCR  targeted  regions.  ChIP  DNA 
samples,  obtained  from  the  experiment  described  for  panel  B,  were  analyzed  for  AcH3  at  the  TMPRSS2  locus.  UTR,  untranslated  region. 


(Fig.  7A).  Histone  H3-K9/K14  acetylation  and  histone  H3-K4 
methylation  (both  di-  and  trimethylation)  were  reduced  at 
many  sites  after  the  AR  knockdown  (Fig.  7B).  With  regard  to 
acetylated  histones,  this  was  most  apparent  at  sites  F  to  H,  but 


less  so  at  the  other  sites,  whereas  both  di-  and  trimethylated 
levels  were  quite  dramatically  reduced  by  the  treatment  at 
most  sites.  We  interpret  the  difference  between  the  reduction 
levels  in  acetylation  versus  methylation  as  reflecting  a  lower 
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FIG.  6.  PSA  mRNA  expression  and  histone  modification  in  the 
CWR22  mouse  model.  A.  Tumor  volumes  were  measured  at  the  time 
of  castration  and  subsequent  weeks  thereafter.  Group  1  mice  (contain¬ 
ing  s.c.  12.5-mg  testosterone  pellets  and  bearing  androgen-dependent 
tumors)  were  sacrificed  4  weeks  after  castration.  Group  2  mice  (with¬ 
out  s.c.  testosterone  pellets  and  bearing  androgen-independent  tu¬ 
mors)  were  sacrificed  16  weeks  after  castration.  B.  Total  RNA  from 
the  frozen  tumor  of  each  mouse  was  extracted.  The  PSA  and  GAPDH 
mRNA  levels  were  measured  by  real-time  RT-PCR.  The  PSA  expres¬ 
sion  values  are  shown  as  PSA/GAPDH  mRNA  ratios.  Columns  show 
the  mean  of  each  group;  error  bars  show  the  standard  deviations.  The 
two-sided  P  value  between  the  two  groups  was  0.054  as  calculated  using 
the  Student  1  test.  C.  Blood  from  each  mouse  was  collected,  and  serum 
testosterone  levels  were  measured  by  radioimmunoassay.  Columns 
show  the  mean  of  each  group;  error  bars  show  the  standard  deviation. 
D.  ChIP  assays  were  conducted  as  described  in  Materials  and  Meth¬ 
ods.  AcH3  histone  was  examined  at  the  PSA  locus.  Values  are  pre¬ 
sented  as  percentages  of  input  and  represent  mean  values  ±  standard 
deviations  of  each  group.  The  two-sided  P  value  between  two  groups 
was  calculated  using  the  Student  f  test. 


turnover  rate  of  acetylation  than  of  methylation  marks.  It  is 
interesting  that  the  levels  of  dimethylated  sites  were  more 
dramatically  reduced  than  the  levels  of  the  trimethylated  ones, 
again  suggesting  a  difference  in  turnover  rates.  Nevertheless, 
the  fact  that  the  histone  alterations  were  reduced  after  AR 


FIG.  7.  Histone  alterations  at  the  PSA  locus  after  siRNA-mediated 
knockdown  of  AR.  A.  C4-2B  cells  were  incubated  in  phenol  red-free 
RPMI  1640  containing  5%  CSS  for  2  days  and  were  either  mock 
transfected  or  transfected  with  AR  siRNA  directed  against  the  coding 
region  of  the  AR  gene  or  with  NS  siRNA.  Four  days  after  transfection, 
AR  and  actin  protein  levels  were  measured  by  immunoblotting.  B. 
Four  days  after  siRNA  transfection,  AcH3,  dimethylated  H3-K4,  and 
trimethylated  H3-K4  were  examined  by  ChIP  analyses  at  the  PSA  locus 
as  described  in  the  legend  to  Fig.  3.  The  two-sided  P  value  between  AR 
siRNA  and  NS  siRNA  acetylation  data  was  calculated  using  the  Stu¬ 
dent  t  test. 
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knockdown  indicates  that  the  altered  modified  histone  levels 
seen  in  C4-2B  cells  are  maintained  by  sustained  AR  activity, 
possibly  due  to  sustained  transcription  at  this  locus.  Therefore, 
the  AR  represents  the  link  between  gene  expression  and  his¬ 
tone  alterations  at  the  PSA  locus. 

DISCUSSION 

Progression  of  PCa  is  typified  by  conversion  of  cells  from 
androgen  dependence  to  independence  as  a  result  of  ablation 
therapy  failure.  The  consensus  view  is  that  this  is  due  to  the 
conversion  of  AR  signaling  from  ligand  dependence  to  inde¬ 
pendence  (most  recently  reviewed  in  reference  8).  Our  present 
studies  revealed  that  androgen-independent  PCa  cells  became 
more  amenable  to  AR-mediated  gene  expression  because  of 
increased  polymerase  engagement  at  target  genes,  an  AR  hy¬ 
persensitive  to  ligand,  and  chromatin  alterations  of  target 
genes  conducive  to  increased  transcription  efficiency.  This 
combined  phenotype  resulted  in  elevated  AR  signaling  at  very 
low  or  no  androgen  levels.  We  propose  that  cells  containing 
this  phenotype  are  selected  during  the  transition  from  andro¬ 
gen-dependent  to  -independent  PCa.  This  can  be  appreciated 
by  considering  the  AR  as  the  “seed”  and  AR  target  loci  as  the 
“soil”  that  combine  to  yield  more  efficient  transcription  as  a 
consequence  of  more  effective  polymerase  engagement.  Locus¬ 
wide  chromatin  alterations  were  observed  at  some,  but  not  all, 
AR  target  loci.  Thus,  the  two  kallikrein  genes  ( PSA  and 
KLK2),  behaved  similarly  in  that  locus-wide  histone  acetylation 
in  C4-2B  cells  not  exposed  to  ligand  was  associated  with  sub¬ 
stantial  gene  expression  at  the  loci.  Such  genes  belong  to  a 
subset  of  AR  target  genes,  since  TMPRSS2  did  not  behave  in 
this  manner  and  acetylation  was  confined  to  the  5'  end  of  the 
gene  with  similar  levels  of  acetylation  in  the  two  cell  lines  in  the 
absence  of  ligand.  We  do  not  know  how  many  genes  belong  to 
each  of  the  two  groups  of  AR  targets;  neither  do  we  know  the 
functional  significance  of  the  two  groups  with  respect  to  PCa 
progression  to  androgen  independence.  It  is  even  possible  that 
simply  the  size  of  a  particular  locus  determines  the  extent  of 
locus-wide  acetylation.  On  the  other  hand,  functional  selection 
of  efficient  expression  of  kallikreins  may  aid  tumor  growth  in  a 
diminished-androgen  environment;  it  is  proposed  elsewhere 
that  kallikreins  are  major  players  in  cancer  progression  (3). 
Many  more  AR  target  genes  need  to  be  analyzed  before  gen¬ 
eral  rules  can  be  established  that  determine  efficiency  of  ex¬ 
pression  and  associated  locus-wide  histone  modifications  in 
androgen-independent  PCa  cells.  However,  the  chromatin 
structure  and  gene  expression  behavior  at  the  two  kallikrein 
loci  provide  a  novel  insight  in  AR-mediated  gene  expression 
during  PCa  progression  to  androgen  independence. 

It  is  known  that  AR  expression/activity  and  its  associated 
signaling  partners  may  be  altered  during  the  androgen-inde¬ 
pendent  development  of  PCa  clones  (1,  4,  5,  12).  However, 
these  proposed  mechanisms  that  focus  solely  on  alterations  of 
the  AR  itself  cannot  explain  the  data  presented  here  or  those 
of  our  previous  work  (18-20).  Although  KLK2  behaved  simi¬ 
larly  to  PSA .  here  we  have  concentrated  on  PSA  gene  expres¬ 
sion  since  PSA  is  the  best-studied  kallikrein  gene  and  was  the 
target  of  our  previous  investigations.  It  is  remarkable  that  the 
rate  of  PSA  mRNA  expression  did  not  correlate  with  AR 
occupancy  at  the  PSA  enhancer  or  promoter  when  LNCaP  and 


C4-2B  cells  were  compared.  In  the  androgen-independent 
C4-2B  cell  line  PSA  mRNA  expression  in  the  absence  of  DHT 
was  nearly  an  order  of  magnitude  higher  than  that  in  LNCaP 
even  though  the  AR  occupancy  was  barely  detectable.  When 
DHT  was  added  to  the  culture  medium,  PSA  mRNA  expres¬ 
sion  rates  increased  in  both  cell  lines  but  the  expression  in 
LNCaP  reached  only  a  level  comparable  to  that  in  C4-2B  cells 
not  treated  with  DHT.  These  results  indicate  that  perhaps  the 
PSA  locus  itself  was  more  conducive  to  transcriptional  stimu¬ 
lation  in  C4-2B  cells,  either  by  histone  modifications  or  by  loss 
of  repressors. 

Our  comprehensive  analyses  of  histone  modifications  across 
the  entire  PSA  locus  revealed  significant  increases  in  histone 
H3-K9/K14  acetylation  and  H3-K4  methylation  in  androgen- 
independent  cells  compared  to  their  androgen-dependent 
counterparts.  These  significant  alterations  of  the  chromatin 
structure  at  the  PSA  locus  suggest  an  analogy  of  a  “soil”  that  is 
more  receptive  to  signaling  from  the  AR  “seed.”  We  have 
generated  evidence  that  these  two  aspects  are  closely  linked  by 
analyzing  both  non-chromatin-integrated  and  chromatin-inte¬ 
grated  AR  targets.  Our  experiments  using  transiently  trans¬ 
fected  reporters  indicate  that  the  ligand-sensitive  AR  pheno¬ 
type  in  C4-2B  cells  was  chromatin  independent.  On  the  other 
hand,  the  siRNA  knockdown  of  the  AR  showed  that  the  chro¬ 
matin-modified  phenotype  depended  on  sustained  AR  signal¬ 
ing.  Furthermore,  the  significant  target  gene  expression  in  the 
absence  of  added  DHT  was  dependent  on  both  the  AR  and 
locus-wide  chromatin  modifications  conducive  to  gene  expres¬ 
sion  resulting  in  polymerase  initiation  at  the  transcription  start 
site.  DHT  treatment  further  increases  polymerase  processivity, 
leading  to  remarkably  high  levels  of  gene  expression.  Thus,  to 
a  large  extent  the  “soil”  depends  on  the  “seed”  but  not  vice 
versa.  A  positive  feedback  loop  may  exist  between  the  AR  and 
its  target  locus  with  increased  AR  activity  maintaining  the 
altered  chromatin  state.  We  tentatively  propose  that  this  link 
may  be  related  to  AR  and  subsequent  polymerase  engage¬ 
ments  of  the  target  locus  leading  to  a  “memory”  of  transcrip¬ 
tional  activity  that  in  turn  sustains  altered  patterns  of  his¬ 
tone  modifications.  Removal  of  AR,  as  accomplished 
through  experimental  reduction  of  AR  protein  levels,  breaks 
this  link  and  allows  the  gene  locus  to  return  to  its  presti¬ 
mulated  state.  This  mechanistic  relationship  implies  that 
treatment  strategies  for  androgen-independent  PCa  that 
currently  focus  on  targeting  the  AR  will  be  more  effective 
than  perhaps  previously  realized,  since  targeting  the  AR  will 
also  desensitize  AR-regulated  gene  loci  and  consequently 
the  entire  cancer  phenotype.  Such  treatment  strategies  are 
presently  being  contemplated  (37),  and  our  results  here 
support  the  utility  of  these  approaches  to  levels  not  previ¬ 
ously  appreciated. 
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